The human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) genomes encode several auxiliary proteins that have increasingly shown their importance in the virus-host relationship. One of these proteins, Vpx, is unique to the HIV-2/SIVsm lineage and is critical for viral replication in macrophages. The functional basis for this requirement, as well as the Vpx mode of action, has remained unexplained, and it is all the more enigmatic that HIV type 1 (HIV-1), which has no Vpx counterpart, can infect macrophages. Here, we underscore DCAF1 as a critical host effector of Vpx in its ability to mediate infection and long-term replication of HIV-2 in human macrophages. Vpx assembles with the CUL4A-DDB1 ubiquitin ligase through DCAF1 recruitment. Precluding Vpx present in the incoming virions from recruiting DCAF1 in target macrophages leads to a postentry block characterized by defective accumulation of HIV-2 reverse transcripts. In addition, Vpx from SIVsm functionally complements Vpx-defective HIV-2 in a DCAF1-binding-dependent manner. Altogether, our data point to a mechanism in which Vpx diverts the Cul4A-DDB1 DCAF1 ligase to inactivate an evolutionarily conserved factor, which restricts macrophage infection by HIV-2 and closely related simian viruses.
Human immunodeficiency virus type 2 (HIV-2), the second causative agent of human AIDS (5), arose from cross-transmission of sooty mangabey simian immunodeficiency virus (SIVsm), a lentivirus that naturally infects sooty mangabeys without inducing overt disease (14) . Although AIDS caused by HIV-2 is as lethal as that caused by HIV-1, most HIV-2 carriers remain asymptomatic much longer than HIV-1 carriers (36) . On the other hand, cross-transmission of SIVsm to rhesus macaques gave rise to highly pathogenic viral strains, and infected animals develop a disease similar to human AIDS (14) . Thus, the SIVsm lentiviral lineage exhibits markedly different pathogenicities in its original and recently acquired hosts. It is currently unknown whether cross-species transmission of primate lentiviruses leads to specific functional changes in viral proteins that might directly modulate pathogenesis in the new host species.
The HIV-1 and HIV-2 lentiviral lineages differ in the auxiliary proteins encoded by their genomes, which likely reflects different selective pressures in their adaptation to the host cell environment. Thus, the Vpx protein found in HIV-2 has no counterpart in HIV-1, whereas the genetically related Vpr protein is present in both lineages (47) . Both Vpx and Vpr are actively packaged into the virions (1, 40) , which suggests a role in early infection steps, i.e., prior to viral synthesis. Lack of Vpx strongly decreases the pathogenicity of SIVsmPBj in infected macaques (17) . In vitro, Vpx is dispensable for infection of immortalized T cells but has been shown to be critical for primary macrophage infection (9, 23) . In contrast, no cell culture system has so far revealed a strong requirement for Vpr in HIV infection, although Vpr-defective HIV-1 shows attenuated replication in human macrophages (2, 6, 16) . Despite the absence of a clear defective phenotype of HIV lacking Vpr, this viral protein has so far attracted more attention than Vpx, presumably because of its intriguing ability to arrest the cell cycle at the G 2 /M transition (15, 21, 34, 35) . We and others recently demonstrated that Vpr recruits DCAF1/VprBP, an adaptor of the CUL4A-DDB1 ubiquitin ligase complex (3, 8, 18, 26, 38, 46) . A major role of ubiquitin ligases is the labeling of specific proteins for proteasome-mediated degradation, and the current hypothesis is that Vpr diverts the DCAF1 ubiquitin ligase to induce the degradation of a host protein required for entry into mitosis. We previously showed that Vpx from SIVsm also interacts with DCAF1, although unlike Vpr, it does not arrest the cell cycle (26) . The ability to recruit DCAF1 might thus represent an ancient functional acquisition that predates the emergence of the genetically related but functionally distinct Vpr and Vpx genes. Here, we explore this hypothesis and address the potential role of Vpx-DCAF1 interaction in the context of HIV-2 replication in human macrophages.
MATERIALS AND METHODS
HIV-2 proviral clones and virus production. The pGL-AN plasmid, which carries a replication-competent HIV-2 provirus from the GH-1 isolate, as well as its derivatives defective in the Vpr and/or the Vpx genes (48), were kindly provided by A. Adachi. Env-defective viruses were obtained by creating a frameshift mutation at the unique NsiI site as previously described (48) . To create a HIV-2 proviral clone encoding the Vpx Q76 mutant, the 400-bp SacI fragment of pGL-AN that overlaps the 3Ј and 5Ј sequences of the vpx and vpr genes was subcloned into PUC19 prior to site-directed mutagenesis, and the mutagenized fragment was cloned back into the HIV-2 backbone. Replicative viruses were produced from 293T cells transiently transfected with proviral clones by using SuperFect reagent (Qiagen). For the production of vesicular stomatitis virus G protein (VSV-G)-pseudotyped single-cycle viruses, pCMV-G encoding VSV-G (pMD2 VSV-G) was cotransfected in a 1:1 ratio with the HIV-2 proviral constructs using either Superfect or calcium-phosphate coprecipitation. In some experiments, Vpx-defective HIV-2 viruses were trans-complemented with wildtype (WT) or mutant Vpx protein expressed from cotransfected expression plasmids. Cell culture supernatants were harvested 48-hour posttransfection, clarified by centrifugation at 1,500 rpm for 5 min, and filtered (0.45 m) before storage at Ϫ80°C. When appropriate, the viruses were partially purified and concentrated by ultracentrifugation over a 20% sucrose cushion. Replicationcompetent viruses were titrated on HeLa P4P cells (49) by quantification of HIV-2 capsid (CA) p27 in cell supernatants using an enzyme-linked immunosorbent assay (ELISA) (ZeptoMetrix Corporation). Env-pseudotyped virions were titrated on P4P cells by CA quantification in cell lysates 72 h posttransduction.
Mammalian expression vectors. The pAS1B vector, which provides an Nterminal hemagglutinin (HA) epitope coding sequence, was used to express the different Vpx proteins. pAS1B-Vpx-SIV has been previously described (39) . HIV-2 Vpx was PCR amplified from GL-AN prior to being cloned into pAS1B. The Q76R mutation in HIV-2 Vpx and the K77A mutation in SIV Vpx were introduced by site-directed mutagenesis. Plasmids encoding DDB1-HA and FLAG-DCAF1 have been previously described (27, 42) .
MDMs and CD4 T lymphocytes. Human monocytes were isolated from buffy coats of healthy seronegative donors (Centre de Transfusion Sanguine Ile-deFrance, Rungis, and Hôpital de la Pitié-Salpêtrière, Paris, France), and differentiated into macrophages as described previously (7) . Briefly, monocytes were separated from peripheral blood mononuclear cells by adherence and then detached and cultured for 7 to 11 days in hydrophobic Teflon dishes (Lumox; D Dutcher) in monocyte-derived macrophage (MDM) medium (RPMI 1640 supplemented with 200 mM L-glutamine, 100 U penicillin, 100 g streptomycin, 10 mM HEPES, 10 mM sodium pyruvate, 50 M ␤-mercaptoethanol, 1% minimum essential medium vitamins, and 1% nonessential amino acids) containing 15% human AB serum. The MDMs were washed and diluted in MDM medium containing 10% heat-inactivated fetal calf serum prior to infection experiments. CD4 T lymphocytes were isolated from nonadherent peripheral blood leukocytes by positive selection with antibody-coated magnetic beads (Milteny Biotech, France) following the manufacturer's instructions and were activated for 3 days with phytohemagglutinin in the presence of interleukin-2 in RPMI 1640 medium, 10% fetal calf serum, 100 U/ml penicillin/streptomycin (RPMI).
MDMs and CD4 T-cell infection. MDMs and activated CD4 T cells were infected using a spinoculation protocol (30) . After infection, the cells were washed in phosphate-buffered saline. Infected MDMs were then cultured in MDM medium (10 5 MDMs/well in 96-well plates or 0.5 ϫ 10 6 MDMs/well in 12-well plates) and CD4 T cells in RPMI. Replication-competent viruses were used at a multiplicity of infection of 10 Ϫ2. The supernatants were harvested every 3 or 4 days for quantification of Gag CA p27. For single-round infections, MDMs were infected with VSV-G-pseudotyped viruses at equivalent multiplicities of infection, and intracellular CA was measured in MDM lysates 72 to 96 h postinfection.
Real-time PCR quantification of HIV-2 cDNA in infected MDMs. MDMs were infected with DNase-treated VSV-G-pseudotyped viruses as described previously (24) , and total cellular DNA was extracted at different times after infection using a DNeasy kit (Qiagen). Quantitative real-time PCR analysis of late reverse transcription (RT) products (U5/5Ј-end noncoding region) and of two-longterminal-repeat (LTR) circles were carried out using the primers and probes described by Fujita et al. (10) with an ABI Prism 7000 sequence detection system. The copy number of late RT products was determined with reference to a standard curve generated by serial dilution of DNA from HIV-2-infected P4P cells in which the viral-DNA copy number was quantified in comparison with cloned HIV-2 DNA. The levels of two-LTR circles were determined with reference to standard curves obtained by concurrent amplification of serial dilutions of DNA from HIV-2-infected P4P cells and were expressed in arbitrary units. The albumin gene was used as a reference gene for normalization, as described previously (7). siRNA transfection. Control short interfering RNA (siRNA) and DCAF1-specific siRNAs have been previously described (26) . MDMs were plated at a density of 0.5 ϫ 10 6 /well in 12-well plates or at 10 5 /well in 96-well plates prior to siRNA transfection using InterferIN (PolyPlus Transfection). A final concentration of 100 nM siRNA was routinely used. MDMs were infected 72 h post-siRNA transfection. The knockdown efficiency was assessed by Western blot (WB) analysis at the time of infection.
Immunoprecipitation procedures and WB analyses. Expression constructs (3 g) were transfected into HeLa cells grown in 10-cm dishes by the Lipofectamine-reagent plus method (Invitrogen). The cells were lysed 48 h posttransfection in 300 l SD buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Triton X-100) supplemented with an anti-protease cocktail (Sigma). Following clarification, the cell lysates were rocked for 2 h at 4°C with beads coated with either anti-FLAG M2 (Sigma) or anti-HA 3F10 (Roche). The beads were washed twice in SD buffer, and bound proteins were eluted using 3ϫ FlAG peptide (Sigma) for anti-FLAG immunoprecipitation and direct boiling in Laemmli buffer for anti-HA precipitation. For WB analyses, the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto polyvinylidene difluoride membranes, and revealed by a chemiluminescence procedure (enhanced chemiluminescence [GE Healthcare] or CDP-star [Applied Biosystems]). The following antibodies were used: rabbit anti-VprBP/DCAF1 from Shanghai Genomics Inc., mouse anti-DDB1 and mouse anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) from AbCam, mouse anti-FLAG M2 from Sigma, and mouse anti-HA from Covance. The mouse monoclonal antibodies specific for the HIV-2/SIV capsid and Vpx protein were provided by the MRC AIDS directed program, National Institute for Biological Standards and Control, Hertfordshire, United Kingdom.
RESULTS
The ability of Vpx to recruit DCAF1 is conserved between HIV-2 and its parental SIVsm primate lentivirus. We first examined the abilities of Vpx proteins from two distinct lentiviral origins to form a complex with DCAF1 in human cells. Vpx from HIV-2 (GH-1 isolate) was retained in amounts comparable to those of Vpx from SIVsm (PBj isolate) in DCAF1 immunoprecipitates (Fig. 1A, compare lanes 2 and 4) , indicating similar affinities of the two viral proteins for human DCAF1. In addition, both Vpx proteins failed to bind DCAF1 when they carried the Q76R mutation (Fig. 1A, lanes 3 and 5) , as expected due to the phenotype of the homologous substitution in HIV-1 Vpr (26). HIV-1 Vpr uses the adaptor function of DCAF1 to assemble with the CUL4A-DDB1 ubiquitin ligase and presumably to divert its activity (3, 8, 18, 26, 38, 46) . A similar scenario may occur for HIV-2 Vpx, since endogenous DDB1 coimmunoprecipitated with WT Vpx, but not with the Vpx Q76R mutant (Fig. 1B, compare lanes 2 and 4) . In addition, the endogenous pool of DCAF1 sufficiently mediated the association of WT Vpx with DDB1 (Fig. 1B, compare lanes 2  and 3) .
Inactivation of the DCAF1-binding property of Vpx phenocopies the absence of Vpx and causes a severe HIV-2 growth defect in macrophages, but not in CD4 T cells. When placed in the context of the HIV-2 provirus, the Q76R substitution crippled the virus as severely as Vpx deletion in its ability to replicate in MDMs (hereafter referred to as macrophages). Virtually no p27 viral CA was detected in cell supernatants over an 18-day period for both viruses (Fig. 2A, left) . In con- Fig. 2A, right) . Efficient encapsidation of Vpx Q76R excluded the mutant mimicking lack of Vpx because of a mere packaging defect (Fig. 2B) . Altogether, these data show that defective DCAF1 binding by Vpx correlates with impaired HIV-2 replication in macrophages. DCAF1 silencing strongly decreases the permissivity of macrophages to WT HIV-2 replication. We next investigated the effect of siRNA-mediated depletion of DCAF1 on WT HIV-2 replication in macrophages. Under conditions in which DCAF1 expression was efficiently knocked down at the time of infection (Fig. 3A) , HIV-2 replication was strongly compromised (Fig. 3B) . HIV-2 CA was undetectable in DCAF1-depleted macrophage supernatants until day 14 postinfection (p.i.), and at later time points, the CA levels were more than 2 orders of magnitude less than in the control cultures (Fig. 3B) . The residual HIV-2 replication observed likely results from the impossibility of achieving and/or maintaining complete DCAF1 silencing during long-term macrophage culture. The deleterious effect of DCAF1 depletion on HIV-2 replication was reproduced with macrophages from three different donors (data not shown). Since both Vpr and Vpx recruit DCAF1, silencing of DCAF1 might have interfered with Vpr rather than Vpx function. However, in agreement with previous studies of HIV-2 and SIVsm/mac (9, 32, 48) , HIV-2 replication in macrophages was only mildly affected by Vpr deletion compared to Vpx deletion (see Fig. S1 in the supplemental material). A recent large-scale siRNA screen underscored DCAF1 as a positive factor in the life cycle of Vpr-defective HIV-1 in HeLa cells (4) . The possibility that DCAF1 was required for efficient HIV-2 infection regardless of any dependence on auxiliary proteins had to be considered. We observed that depletion of DCAF1 in HeLa cells did not affect infection by either HIV-2 or SIVsmPBj (data not shown). We therefore conclude that the dependence of HIV-2 on host DCAF1 for efficient infection is specific for macrophages and mimics its dependence on the Vpx auxiliary protein in these cells.
Single-round infection of macrophages by HIV-2 requires interaction between DCAF1 from target cells and Vpx from incoming viral particles. The presence of Vpx in HIV-2 virions
suggests that Vpx-DCAF1 interaction exerts its function during early postentry steps of the viral cycle. To address this hypothesis, we conducted single-round infections of macrophages using Envelope (Env)-defective HIV-2 pseudotyped with VSV-G Env. The amount of intracellular viral capsid newly synthesized from integrated proviral DNA was used as a marker of viral transduction. Silencing of DCAF1 in the target macrophages, as well as Vpx deletion, strongly reduced macrophage transduction by the HIV-2 particles (Fig. 4A) . The decrease in viral transduction directly depended on the efficiency of DCAF1 silencing. These data suggested that the active partners are DCAF1 from the target macrophage and Vpx from the incoming virions. To further examine this hypothesis, we produced VSV-G-pseudotyped particles made from Vpx-defective (⌬Vpx) HIV-2 provirus trans-complemented with either WT or mutant Vpx (see Fig. S2 in the supplemental material). The infectious potential of these viral particles was compared in macrophages. WT Vpx, but not its Q76R mutant counterpart, promoted efficient HIV-2 transduction of macrophages (Fig. 4B) .
Vpx from SIVsm functionally complements Vpx-defective HIV-2 in a DCAF1-binding-dependent manner. Ubiquitination of SIVsm Vpx has recently been suggested to control its activity based on the functional defect resulting from lysine substitutions (41) . We noticed that the K77 residue in SIVsm Vpx, which is conserved in HIV-2 Vpx, lies adjacent to the Q76 residue that is critical for binding to DCAF1. This raised the possibility that a defect in DCAF1 binding, rather than in ubiquitination, was responsible for the loss of function shown by Vpx with lysine replaced. In agreement with this hypothesis, the SIVsm Vpx K77A mutant failed both to coimmunoprecipitate with DCAF1 ( Fig. 4C) and to promote macrophage transduction by Vpx-defective HIV-2 ( Fig. 4D) , in contrast to the WT SIV Vpx.
Knockdown of host DCAF1 and lack of Vpx result in decreased accumulation of HIV-2 reverse transcripts in infected macrophages. To further characterize the defect in HIV-2 replication caused by the absence of host DCAF1 and of functional Vpx in incoming virions, we used real-time PCR to quantify HIV-2 RT intermediates. As discussed above, macrophages were subjected to single-round infections with VSV-Gpseudotyped HIV-2 particles. DCAF1 knockdown led to a strong decrease in the accumulation of two-LTR circles (Fig.  5A, left) , as well as a marked reduction in late RT products (Fig. 5A, right) . This suggested a defect occurring at the RT step, i.e., prior to nuclear import of viral cDNA. Residual DNA carryover in the viral preparations, despite DNase treatment, precluded confident analysis of early reverse transcripts. Lack of Vpx affected the same replication steps as DCAF1 silencing and caused a gross defect in the accumulation of both two-LTR circles and late RT products (Fig. 5B) .
DISCUSSION
Our work underscores DCAF1 as a critical host effector of Vpx in its ability to impose macrophage permissivity to HIV-2 infection. Active packaging of Vpx, which ensures its delivery into the cells by incoming virions, has long been taken as a clue to a role in the early steps of viral replication in macrophages. In agreement with this prediction, we show that susceptibility of macrophages to HIV-2 infection requires the presence of both DCAF1-binding-proficient Vpx from the incoming virions and DCAF1 from the target cell. In addition, our data show that preventing incoming Vpx from encountering DCAF1 impairs the accumulation of HIV-2 reverse transcripts, which in turn precludes completion of the subsequent steps of the viral life cycle. While this work was in progress, a report focusing on Vpx from SIVmac reached similar conclusions (43) . Whether the RT process itself is inhibited or newly synthesized viral cDNA undergoes abnormal degradation requires further study. In any event, our observations, together with other recent reports (10, 41, 43) , challenge the previous view of a purely mechanical role of Vpx in the transport of the viral preintegration complex to the nucleus in nondividing cells (9, 29, 31) . To date, the only role ascribed to DCAF1 is as a substratespecific adaptor of the Cul4A-DDB1 ubiquitin ligase (25) . Except for Merlin, a cytoskeleton-associated protein (20) , the endogenous substrates of the Cul4A-DDB1 DCAF1 complex are so far unknown. The fact that DCAF1 depletion mimics the absence of Vpx argues against Vpx-mediated inhibition of endogenous DCAF1 activity. Conversely, Vpx function is unlikely to come down to a mere stimulation of DCAF1 activity, given that both Vpx and Vpr bind to DCAF1 but lack functional redundancy. We therefore favor the hypothesis of a DCAF1 gain of function upon Vpx binding, which relieves the constitutive refractoriness of human macrophages to HIV-2 infection. Interestingly, a recent study showed that resistance of macrophages to infection by Vpx-deficient SIVsm is dominant over the permissive state of other cell types and pinpointed DDB1 as a host effector of Vpx function (41) . Taken together with our finding that Vpx assembles with DDB1 through DCAF1 binding, a picture is now emerging: Vpx diverts the ubiquitin ligase activity of the CUL4A-DDB1 DCAF1 complex in order to inactivate a macrophage-specific restriction factor that targets an early postentry step of the viral life cycle (Fig. 6 ). What predictions can be made regarding this restriction factor? First, it is conserved across several primate species based on our finding that Vpx from SIVsm can substitute for HIV-2 Vpx and on the reciprocal observations that HIV-2 Vpx can complement Vpx-defective SIVmac (43) . In contrast, species specificity is expected for the factor targeted by Vpr, which induces cell cycle arrest (33, 44) , and we suspect that Vpr and Vpx evolved under distinct selective pressures. Moreover, evolutionary conservation of the Vpx-targeted factor contrasts with the positive selection that occurred for the Trim5 alpha restriction factor (28, 37, 45) , despite the two factors targeting similar viral replication steps. Second, the restriction factor counteracted by Vpx senses a component specific for the HIV-2/SIVsm type of viral particles, given the well-known susceptibility of macrophages to HIV-1 infection. However, the recently described helper function of SIV Vpx in macrophage infection by HIV-1 suggests that the virus does not fully escape the restriction (41) .
The possibility that cells other than macrophages express a similar restriction factor remains to be clarified. Conflicting data have been reported on the role of Vpx in HIV-2 infection of lymphoid cells using T-cell lines or peripheral blood mononuclear cells (13, 19, 22, 23, 48) . However, we have not observed a dependence on Vpx in primary CD4 T-lymphocyte infection by HIV-2. Monocyte-derived dendritic cells have been reported to be refractory to infection by SIVmac in the absence of Vpx, due to an impaired RT step (12) . A recent attempt to characterize the underlying mechanism surprisingly pointed to a DCAF1-independent action of Vpx in dendritic cells, as well as monocytic THP1 cells differentiated with phorbol ester (11) . However, differentiated THP1 cells may not fully recapitulate the physiological properties of the primary macrophages used in our own study. Whether Vpx counteracts an innate antiviral defense in human macrophages, as strongly suggested by our study, while complementing the lack of cellular factors in other cell types requires further investigation. In any event, Vpx has won its spurs and should now be viewed as a valuable probe of cellular mechanisms that modulate susceptibility to primate lentivirus infection.
